The rate of C2H, production in plant tissue appears to be limited by the level of endogenous 1-aminocyclopropane-1-carboxylic acid (ACC). Exogenous ACC stimulated C2H4 production considerably in plant tissues, but this required 10 to 100 times the endogenous concentrations of ACC before significant increases in C2H4 production were observed. This was partially due to poor penetration of ACC into the tissues. Conversion of ACC to C2H4 was inhibited by free radical scavengers, reducing agents, and copper chelators, but not by inhibitors of pyridoxal phosphate-mediated reactions. The system for converting ACC to C2H4 may be membrane-associated, for it did not survive treatment with surface-active agents and cold or osmotic shock reduced the capacity of the system to convert ACC to C2H4. The reaction rate was sensitive to temperatures above 29 and below 12 C, which suggests that the system may be associated with membrane-bound lipoproteins. The data presented support the possibility that the conversion of exogenous ACC to C2H4 proceeds via the natural physiological pathway.
presence of a mercury-catalyzed NaOCl system (12) , or simply by reaction with high concentrations of H202 (9) . Since there appears to be a number of possible reactions which can convert ACC to C2H2, the question arises as to whether or not, at high concentrations, all ACC exogenously applied to plant tissues is converted to C2H4 by the same enzymic system that utilizes native ACC to form endogenous C2H4. Here, we report some characteristics of the conversion of ACC to C2H4.
MATERIALS AND METHODS
Chemicals. I-Aminocyclopropane-l-carboxylic acid, DL-vinylglycine, and Cellulysin were purchased from Calbiochem5; Lmethionine and EDTA, from Mann Research Lab., NY; and Lcanaline, pyridoxal phosphate, and n-propyl gallate, from Sigma.
AVG and 2-amino-4-methoxy-trans-3-butenoic acid were gifts from A. Stempel of Hoffman LaRoche. Sodium borohydride was purchased from Delmar Scientific, and 3,5-diiodo-4-hydroxybenzonitrile and 3,5-dibromo-4-hydroxybenzonitrile were a gift from Rhodia Inc., Monmouth, NJ. Bathophenanthroline and 1,10-phenanthroline were purchased from G. Frederick Smith Chemical Co., Columbus Plant Material. Apple fruits (Malus sp. Cultivar Golden Delicious) were harvested in the Beltsville orchard at a preclimacteric stage and stored at 0 C until used. Discs 1.0 cm in diameter and 2 mm thick were cut from friits at various stages of ripening. Six discs (1 g) were incubated in a 25-ml Erlenmeyer flask containing 3 ml incubation medium consisting of 600 mm sorbitol in 10 mM phosphate buffer (pH 7) and test substances as indicated.
Pinto beans (Phaseolus vulgaris L) were grown in a greenhouse under natural lighting at temperatures between 25 and 30 C. Fully expanded primary leaves were harvested and washed in running tap water. Leaf discs 1 cm in diameter were cut with a corkborer and floated abaxially under white fluorescent light for 1 h in Petri dishes containing 1 mm ACC in water. This procedure is referred to as preincubation in ACC. At the end of the preincubation, six discs were transferred to 25-ml Erlenmeyer flasks containing various concentrations of ACC and the test substances as described in the text for each experiment. C2H14 Detenninations. All the Erlenmeyer flasks were flushed with air before being capped with serum caps. Gas samples from the flasks were taken with a gas-tight hypodermic syringe and analyzed for C2H4 by gas chromatography.
[14ClMethionine-feeding Experiments. Apple discs (5 g) were incubated for 6 h in 125-ml flasks containing 5 ml 5 ,uCi L- [3,4- "4C]methionine (49 mCi/mmol), 600 mm sorbitol, 10 mm phosphate buffer (pH 7) with or without 1 mm n-propyl gallate. Gas samples were withdrawn periodically from the flasks for C2H4 determination. Each 3-ml sample was injected into a scintillation vial sealed with a rubber serum cap and containing ice-cold 0.1 M mercuric acetate in methanol. After 1 h at 0 C, scintillation fluid (Bifluor) was added, and radioactivity was assayed in a Packard Tri-Carb scintillation spectrometer. At the end of the incubation period, the discs were washed with ice-cold H20 and homogenized in 80%1o ethanol. The extracts were concentrated in vacuo at 40 C. Paper electrophoresis was performed on the extracts at pH 2.2 (10%1o acetic acid) with Whatman 3MM paper. The regions corresponding to methionine and ACC were cut from the chromatogram placed in scintillation solution and radioactivity was determined.
Protoplast Isolation. Protoplasts were prepared from Golden Delicious apple fruit tissue. A 3-g sample of apple discs was incubated overnight in 9 ml 800 mm sorbitol containing 100 mm CaCl2, 10 mm Mes buffer (pH 6.0), 10 ,ug/ml choramphenicol, and 5% (w/v) Cellulysin (3). The macerate was filtered with glass wool; the filtritte was allowed to settle for 20 min, and the protoplasts were c'ollected and then transferred to fresh medium without Cellulysin. One-ml aliquots of protoplasts were placed in 25-ml flasks and brought to a final volume of 2.1 ml with the proper solutions, according to the treatments described in Table   VIII .
Triplicate samples per treatment were analyzed, and each experiment was repeated at least three times.
RESULTS
Time Course and Concentration Curve for Production of C2H4 from ACC. ACC applied to climacteric apple discs markedly increased the rate of C2H4 production by the tissue (Fig. 1 (1 g ) were incubated in 25-ml flasks containing 3 ml 600 mM sorbitol in 10 mm phosphate buffer (pH 7) with various concentrations of ACC, as indicated for each curve. Gas samples were withdrawn periodically, and C2H4 was determined by GC. required. Of the ACC concentrations applied, 10 mm was the most stimulatory during the 1st h incubation, whereas 0.5 mm was the most stimulatory by the end of 4 and 6 h incubation. Concentrations of 10 mm, actually, were less stimulatory to C2H4 production than much lower concentrations (0.1-1 mM), which suggests a negative effect of this high concentration of ACC after 2 h incubation. Since relatively high concentrations of ACC were required to stimulate C2H4 production in apple slices, we studied the uptake of ACC by these apple discs. Table I shows that only 10 to 25% of the applied ACC, depending on external concentrations, accumulated in the tissue during 6 h incubation. For example, when 0.5 mM ACC was applied to the external medium, the endogenous concentration, after 6 h incubation, increased to 0.1 mM and, when 10 mm was added to the external solution, the endogenous concentration was approximately 1 mm (Table I) .
The stimulatory effect of 1 mM ACC on C2H4 production was much greater in climacteric fruit than in early climacteric rise fruit: 220 versus 70%o in 1 h (Table II) . Treatment with methionine either had no effect or slightly inhibited C2H4 production in these tissues during that incubation period.
ACC (1 mM) also induced substantial C2H4 production in discs of pinto bean leaves (data not shown) when incubated for up to 6 h. This is a tissue which normally does not produce significant amounts of C2H4.
Effect of Inhibitors of Pyridoxal Phosphate-mediated Reactions. Inhibitors of pyridoxal phosphate-mediated enzymic reactions which are known to inhibit C2H4 production in various tissues ( 15, 16) did not affect the conversion of ACC to C2H4 in bean-leaf discs (Table III) . However, addition of pyridoxal phosphate to the incubation medium inhibited C2H4 production about 20% within 2 h. Similar data were recently reported elsewhere (9) .
Effect of Reducing Agents and Free Radical Scavengers. In contrast to the lack of effect of pyridoxal phosphate inhibitors in suppressing ACC-mediated C2H4 production, reducing agents and (Table V) .
Effect of Chelating Agents. Conversion of ACC to C2H4 in bean leaf was strongly inhibited (80%) by the copper chelator diethyldithiocarbamate and much less (20%) by EDTA, which is considered a better chelator of iron than of copper (Table VI) . 1,10-Phenanthroline, which chelates both copper and iron, and cuprizone, another copper chelator, inhibited the ACC conversion to C2H4 by 85 and 50%o, respectively. The chelator bathophenanthroline, which is more specific for iron than for copper, was only 20% effective in suppressing C2H4 production.
Effect of Osmotic and Cold Shock Treatments. Short-term low temperatures, osmotic shock, or treatment with a surface-active agent (Triton X-100) inhibited the conversion of ACC to C2H4 (Table VII) . Osmotic shock caused by transfer of the tissue from 600 mm sorbitol plus 10 mm phosphate solution to a 10 mM phosphate solution reduced the rate of conversion of ACC to C2H4 by about 40%o. Continuous incubation in a hypotonic solution inhibited the process by 64%. A short cold treatment (3 C for 10 min) was very effective in reducing C2H4 production, and an additive inhibitory effect up to about 80% was obtained by a combined osmotic and cold shock treatments. Treatment with Triton-X-100, a nonionic detergent which can disrupt cell membranes, inhibited the conversion by 65%.
Additional evidence relating membrane integrity with the conversion of ACC to C2H4 is shown in Table VIII . In 800 mM sorbitol, 1 mm ACC increased C2H4 production of apple protoplasts by 48%. However, reducing the osmoticum to 400 mm sorbitol, or adding 0.05% Triton X-100 to the 800 mM sorbitol solution, inactivated the capability of the protoplasts both to produce C2H4 and to convert ACC to C2H4. Pinto bean-leaf discs were preincubated for 1 h with 1 mm ACC and for 6 additional h with ACC plus one of the following chelators at the concentrations indicated. Cuprizone, biscyclohexanone-dioxaldihydrazone; bathophenanthroline, 4,7-diphenyl-1,10-phenanthroline. C2H4 production from control (1 mM ACC-treated discs) was 52 nl/g -fresh weight . C2H4 production rates by protoplasts incubated in 800 mm sorbitol were 29 and 43 A1/2. 1 ml protoplast suspension * 2 h for the control and ACCtreated protoplasts, respectively. Protoplasts were isolated from 3-g Golden Delicious apple tissue as described under "Materials and Methods"; I-ml aliquots of a uniform protoplast suspension were pipeted into 25-ml flasks and brought to 2.1 ml with the various solutions according to the treatments. The flasks were capped with serum caps, and air samples were withdrawn after 2 h incubation for C2H4 determination. The effect of temperature (T) on C2H4 production and conversion of ACC to C2H4 in apple tissue. Plots are the logarithm of rates of C2H4 production versus the reciprocal of absolute temperatures. Apple discs were preincubated at 25 C for I h in shell vials (2 discs in each) containing 2 ml 600 mM sorbitol in 10 mm phosphate buffer with or without I mm ACC. At the end of the incubation period, 22 vials containing the apple discs were placed on a temperature gradient bar apparatus with a temperature gradient ranging from 4 to 35 C. Temperature was continuously recorded by use of thermocouple detectors. After temperature equilibration, the vials were capped with serum caps for 2 h. Air samples were withdrawn and C2H4 content was determined.
Temperature Effects on Conversion of ACC to C2H4. The effect of temperature on the rate of C2H4 production from apple tissue in the presence or absence of applied ACC is illustrated in Figure  2 (which shows plots of the logarithm of rates of C2H4 production versus the reciprocal of absolute temperatures). With or without added ACC, the rates of C2H4 production sharply increased with increases in temperature between 4 and 29 C, but these rates decreased with further increases in temperature. Although the rate of C2H4 production in the ACC-treated apple discs was about 2.5 times that in the controls, the plots for both treatments showed a similar sensitivity at 13 and at 28 to 29 C. These characteristics of the plots suggest changes in the response of the system at these temperatures.
DISCUSSION
Production of C2H4 by apple-tissue slices appears to be limited by the ACC content since addition of ACC to climacteric apple tissues and to other tissues (7) increased production 3 times or more. We have also observed (unpublished data) similar increases in tissues, such as bean-leaf discs and potato tubers, which normally make little or no C2H4. Presumably, the enzyme system which converts ACC to C2H4 is present constitutively in all of these tissues. Addition of methionine, which is a precursor of ACC, did not have a comparable effect on C2H4 production and, in many cases, caused little (10) or no increase in C2H4 production (Table II) . This suggests that the limiting reaction in C2H4 production in apple tissues involves conversion of methionine to ACC, as noted with mung bean (17) .
Inhibition of endogenous C2H4 production in tissues by AVG and other inhibitors of pyridoxal phosphate-mediated reactions is due to blockage of the ACC synthase reaction (6, 18) . However, conversion of ACC to C2H4 is not inhibited by inhibitors of pyridoxal phosphate-mediated reactions (Table III) (2, 6, 17) but was inhibited by anaerobic atmospheres (2) and strong reducing agents. The reaction converting ACC to C2H4 was also inhibited strongly by various copper chelating agents (Table IV) , which suggests that a copper enzyme, perhaps a copper-peroxidase, may be involved in the final step ofC2H4 biosynthesis. These inhibitory phenomena are in accord with the known 02 requirement for C2H4 production (10) which now can be related to the final reaction step from ACC to C2H4 (2) .
Plant tissues lose their capacity to produce C2H4 upon destruction of the intact cell. This loss may be associated with disruption of cell membranes, possibly the plasma membrane (8, 13) . The enzymic system for converting methionine to SAM in plants, the first step in the C2H4-forming pathway, is known to be soluble (14) and, recently, the ACC-synthase enzyme which carries out the second step was isolated; apparently, it is also soluble (6, 18).
If the enzymic system producing C2H4 is associated with a membrane (8, 13) , then the ACC to C2H4 reaction involving the final reaction in the pathway must be the membrane-associated step. This possibility is supported by our data which show that the conversion of ACC to C2H4 is severely inhibited by osmotic shock and Triton X-100, a detergent that can remove membrane lipids and, thereby, disrupt membranes. Also, the reaction rate was affected by temperature changes (Fig. 2) which generally influences membrane-based reactions at temperatures far below those which inactivate or denature enzymes in solution.
The data herein reported support the possibility that appletissue slices convert exogenous ACC to C2H4 via the natural physiological pathway. The ability of fruit tissue to utilize exogenous ACC for C2H4 production increased when the fruit approached ripening. At that time, natural C2H4 production is on the increase and ACC may well be limiting. Anaerobic conditions, free radical scavengers, reducing agents, and some chelators inhibited C2H4 production from exogenous ACC in tissues, just as they do in the natural tissue system which utilizes the endogenous substrate (ACC). Also, both the endogenous system and the system which converts exogenous ACC to C2H4 appear to be inhibited by treatments which impair membranes.
Sizable increases in C2H4 production by applie tissue was obtained only with external ACC concentrations of 100 5M or more (Fig. 1) . This is partly due to the poor uptake of ACC by the apple discs. Only 10 to 25% of external ACC was taken up by the tissue (Table I) 1-1 mM) , after 4 h incubation of apple discs. These results suggest an inhibitory effect of longterm incubation of apple discs in high concentrations of ACC. ACC can be converted to C2H4 in model systems which involve an oxidation reaction requiring H202 or NaOCl (6, 12) . This suggests the possibility of an in vivo peroxidase system which could react with ACC to form C2H4. Currently, there is no good evidence for such an in vivo reaction. However, the in vitro system isolated from pea seedlings by Konze and Kende (9) suggests such a system.
